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(57) Abstract 



An apparatus (50) is provided for performing corneal refractive surgery by ablating a portion of a conical surface of any eye The 
apparatus includes a pulsed laser (iOO) for producing a pulsed output beam of light. A scanning mechanism (1 20) scans the output beam 
(IIO), and the output beam is opcratively associated with the scanning mechanism such that the output beam may be scanned over a 
predetermined surface defined by a mathematically derived ablation layer boundary curve for each ablation layer. A controller (250) is 
opcratively associated with the scanning mechanism so as to deliver output beams to the predetermined surface (1 60) such that center points 
of output beams may be disposed within the ablation layer boundary curve, on the ablation layer boundary curve, and outside but within a 
predetermined distance trom a nearest point on the ablation layer boundary curve so as to integrate the edges of the ah 
curve to more closely correspond to the desired ablated shape. 
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COMPOUND ASTIGMATIC MYOPIA OR HYPEROPIA CORRECTION 

BY LASER ABLATION 

This application claims priority from U.S. Provisional application 
No. 60/029,790, filed on October 28, 1996, the specification of which is 
incorporated in its entirety herein. 

BACKGROUND OF THE INVENTION 
Field of the Invention 

This invention relates to an apparatus for refractive correction 
utilized to ablate corneal tissue to reshape the corneal surface, and more 
particularly, to apparatus for corneal re-profiling by laser ablation for 
correction of myopia, hyperopia, astigmatic myopia and astigmatic 
hyperopia conditions. 

Description of Related Art 

With reference to FIG. 1 , a schematic illustration of a normal eye 
is shown, wherein light rays 10 pass through the cornea 12 of eye 14 
through lens 16 to the retina 18. In a normal eye, the focal point 20 of the 
light rays occurs on the retina 18 for normal vision. 

Common vision defects occur when the focal point 20 is not 
disposed on the retina 18. For example, as shown in FIG. 2, myopia 
occurs when the focal point 20 is disposed in front of the retina 18. 
Myopia may be corrected as shown in FIG. 3 by using conventional 
methods by ablating tissue 24 of the cornea 12 so as to increase the 
radius of curvature of cornea 12 to shift the focal point 20 to be on the 
retina 18. 
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With reference to FIG. 4, hyperopia occurs when the shape of the 
cornea does not permit the light rays 10 to focus on the retina 18, 
Instead, the focal point 20 of the light rays 10 in an eye suffering from 
hyperopia is disposed behind the retina 18. As shown in FIG. 5, 
hyperopia can be corrected by ablating tissue 24 of the cornea 12 so as 
to decrease the radius of curvature of the center of the cornea 12 f shifting 
the focal point 20 to be on the retina 18. 

FIGS. 6 and 6A illustrate myopic astigmatism. As shown in FIG. 6, 
x-direction light rays 10' and y-direction light rays 10" pass through the 
cornea 12 and lens 16 to the retina 1 8. However, due to the shape of the 
cornea 12, the x-direction light rays 10' focus at focal point 20', while the 
y-direction light rays 10" focus at focal point 20" in front of the retina 18, 
causing vision to be blurred. FIG. 6A is a three-dimensional illustration 
of the light rays 10' and 10" passing through the cornea 12 and showing 
the location of the focal points 20' and 20". Myopic astigmatism can be 
corrected by re-profiling the surface of the cornea 12 to obtain a single 
focal point on the retina 18. It can be appreciated that in hyperopic 
astigmatism, the focal points 20' and 20" of the x-direction and y-direction 
light rays, respectively, are behind the retina. Hyperopic astigmatism 
may also be corrected by corneal re-profiling. 

When correcting conditions such as, for example, myopia, 
hyperopia and/or astigmatism, the eye may be ablated in thin layers by 
an excimer laser or the like to achieve the desired correction. For simple 
myopic correction, the shape of each layer of the ablation is represented 
by the equation for a circle. Parabolic, spherical or other mathematical 
models could be used. For a small laser beam to ablate each layer of the 
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corneal tissue, the laser beam must be scanned across the surface of the 
eye, inside of and on the curve defining the zone of ablation. Many 
approaches can be used to scan each layer. The scanning process may 
be defined as linear, circular, random multi-beam, or other useable 
method. 

However, when employing a mathematically modeled curve to 
define a each layer of ablation in performing laser vision corrections, and 
when the center of each laser pulse is positioned inside of or at the 
boundary of the curve, the effective ablation area for each layer may be 
smaller than that defined by the actual curve modeled because of the 
incremental movement of the laser. Thus, the correction may not be as 
effective as theorized. 

Accordingly, there is a need to provide an apparatus that controls 
laser pulse center point positions effectively throughout a layer of 
ablation. 

SUMMARY OF THE INVENTION 

It is an object of the invention to fulfill the need referred to above. 
In accordance with the principles of the present invention, this object is 
obtained by providing an apparatus and method for performing corneal 
refractive surgery by ablating a portion of a corneal surface of an eye. 
The apparatus includes a pulsed laser for producing a pulsed output 
beam of light. A scanning mechanism scans the output beam, and the 
output beam is operatively associated with the scanning mechanism such 
that the output beam may be scanned over a predetermined surface 
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defined by a mathematically derived curve. Focusing structure focuses 
the output beam onto the predetermined surface to a predetermined, 
generally fixed spot size. A controller is operatively associated with the 
scanning mechanism so as to deliver output beams to the predetermined 
surface such that center points of output beams may be disposed within 
an ablation layer defined by the curve, on the boundary of the ablation 
layer, and at certain locations outside of the ablation layer so as to ablate 
the predetermined surface substantially corresponding to an area 
enclosed by the curve. A method of controlling the above described 
apparatus is also disclosed. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Features and advantages of the present invention will become 
apparent to those skilled in the art from the following description with 
reference to the drawings, in which: 

FIG. 1 is a schematic illustration of a normal eye showing light 
passing through the cornea and lens and focusing at the retina; 

FIG. 2 is a schematic illustration of an eye having a myopia 
condition wherein the focal point is disposed internally within the eye and 
not at the retina; 

FIG. 3 is a schematic illustration of the eye of FIG. 2 after ablation 
of the cornea thereby correcting the myopia condition; 
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FIG. 4 is a schematic illustration of an eye having a hyperopia 
condition wherein the focal point occurs outside of the eye; 

FIG. 5 is a schematic illustration of the eye of FIG. 4 after ablation 
of the cornea thereby correcting the hyperopia condition; 

FIG. 6 is an illustration of an eye having myopic astigmatism 
wherein x-direction light rays and y-direction light rays focus at separate 
points within the eye and not at the retina; 

FIGS. 6A is a three dimensional schematic illustration of the x and 
y direction light rays entering the eye of FIG. 6; 

FIGS. 7A and 7B are illustrations of conventional scanning patterns 
for a linear scan and a circular scan approach, respectively, for the 
treatment of myopia; 

FIG. 8A and 8B are illustrations of conventional scanning patterns 
for a linear scan and a circular scan approach, respectively, for the 
treatment of astigmatic myopia; 

FIG. 8A(1) is an enlarged view of the encircled portion A of FIG. 

8A; 

FIG. 9 is an illustration of an ablation if it were a flat surface for an 
eye having a conventional circular ablation layer to correct for simple 
myopia; 
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FIG. 1 0 is an illustration of an ablation if it were a flat surface of an 
eye having a conventional cylindrical-like ablation layer to correct for 
astigmatism; 

FIG. 11 is an illustration of a corneal surface of an eye having a 
conventional oval pattern ablation layer to correct for astigmatism in 
addition to simple myopia; 

FIG. 12 is an illustration of a scanning pattern for a linear scan 
approach of the invention having random starting laser center points and 
which includes laser center points that are outside of but close to the 
boundary of the ablation layer; 

FIG. 13 is a illustration of a scanning pattern for a circular scan 
approach according to the invention having a random center location and 
including laser center points that are outside of but close to the ablation 
layer; 

FIG. 14 is a schematic illustration of an apparatus for re-profiling 
a surface of the eye, provided in accordance with the invention; 

FIG. 15 is a side view of a cornea after conventional refractive 
surgery; and 

FIG. 16 is a side view of a cornea after refractive surgery according 
to the invention. 
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DETAILED DESCRIPTION OF THE PRESENTLY PREFERRED 
EXEMPLARY EMBODIMENTS 

To understand correction of a corneal defect, theoretical 
background is as follows. 

If Z/x,y;+c, describes the initial corneal surface of an eye, and 

Z 2 (x,y)+c2 describes the corneal surface after ablation, then the ablation 

depth D(x,y) is defined by: 

D(x,y) = Z, (x,y) - Z 2 (x,y) + c. 

(Equation 1 ) 

In Equation 1, thexy-plane is parallel to the tangential plane at the 
apex of the eye, and the origin of the xy-plane is the center point of the 
ablation. Constants c, and c 2 are related to the origin of the coordinate 
system. The constant c in Equation 1 is dependent on the zone size (or 
depth) of ablation. Constant c may be computed from a set of default 
conditions. 

If it is assumed that the eye is ablated by thin layers by an excimer 
laser or the like to achieve the desired correction, and the thickness of 
each thin layer is A, the ablation for the nth layer is, following Equation 1 : 

nA = z 1 (x,y)-Z2(x,y) + c. 

(Equation 2) 

No matter how the eye surface is modeled.for simple myopic correction 
the shape of each layer of ablation is represented by the equation for a 
circle. Simple myopic correction requires a symmetric model of the eye 
surface and each cross-section, or layer, is a circle as represented by 
Equation 2. Also, the equations for Z/x,yJ and Z 2 (x,y) depend on how the 
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' surface of the eye is modeled. Parabolic, spherical, or other models 
could be used. For example, if the eye surface is considered to be a 
symmetric paraboloid before and after the corrective surgery, Z,(x,yJ and 
Z 2 (x,y) may be represented by the following equations: 

1 

Z,(x,y) = (x 2 + y 2 ) + c,. 

2R, 



1 

Z 2 (x,y) = (x 2 + y 2 ) + c 2 . 

2R 2 

(Equation 3) 

The new equation for the depth of ablation can now be redefined as 

D(x,y) = - 1 (l - l\(x 2 + y 2 ) + ?£(l - - 
2 \ R 1 Rj 8 \R, R 2/ 

(Equation 4) 

where R 1 is the initial radius of curvature of the eye at the apex, R 2 is the 
radius of curvature after the surgery, and Z 0 is the ablation zone 
diameter. The constant c from Equation 2, which is also the total 
depth of ablation at the center (0,0), is represented as the second 
term on the right hand side of Equation 4. 

Another example for the model of the eye surface is a spherical 
model both before and after ablation. In this case, the following equations 
are developed: 

Z,(x,y) = ^R, 2 -x 2 -y 2 + c u 
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Z 2 (x,y) = jR*-x 2 -y 2 + c 2 , (Equation 3') 



5 D(x 1 y) = v^f? f 2 -x 2 -y 2 -\/R/-x 2 -/+^ 2 2 - ^-yfV- 2 ^.. 

(Equation^) 

10 However, no matter how the eye surface is modeled, Equation 1 can be 
simplified with a parabolic equation with a certain amount of error. 
Equation 4 is already a parabolic equation for the parabolic model. For 
a spherical model, Equation 1 can be simplified by approximating 
Equation 4" with the following: 

1 5 D(x,y) « D 0 - 1 (1 - 1 W + y 2 ) (Equation 5) 



20 



25 



where D 0 is the total depth of ablation, given by 




2 Z> 



Ri - — -(R 2 -R,) 
4 



Since Equation 2 defines the equation for a circle, the layered 
30 ablation process is very easy to control. Since the model used for simple 
myopia must be radially symmetrical, it can be simplified from three 
dimensional to two dimensional, as shown by Equations 3', 4' and 5. 
Astigmatic myopia is a different case because the ablation zone is not 
circular. 
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For a small laser beam to ablate each layer of the corneal tissue, 
the laser beam must be scanned across the surface of the ablation layer 
of the eye. The scanning process may be linear, circular, multibeam, or 
any other usable method. The point-by-point computation of the ablation 
points within the ablation layer is relatively straight forward because the 
ablation zones for each ablation layer for the correction of simple myopia 
are defined by circles. A simple ablation method can be designed 
following the symmetry of each layer. The laser is focused at points 
following parallel lines (linear scan) across the layer, or can follow 
concentric circle patterns (circular scan), spiral patterns (spiral scan), or 
other approaches. 

FIG. 7A illustrates an example of a conventional linear scan 
approach and FIG. 7B illustrates an example of a conventional circular 
scan approach. Each point only indicates the center of a laser beam, not 
the size of the laser beam. It can be appreciated from FIGs. 7A that the 
conventional linear scan pattern is roughly symmetric about a line which 
is positioned perpendicular to and disposed through the center of the 
circular layer. The conventional circular scan, on the other hand, is 
symmetric about the center of the ablation layer. 

The most general case is when the initial and final corneal surfaces 
are modeled asymmetrically (such as an ellipsoid) about the center of 
treatment. In 'such general cases, both Z g1 ,(x,y) and Z g2 (x t y) which define 
the initial and final surfaces, respectively, are complicated expressions for 
complicated surface shapes. The new ablation depth equation is 
represented as: 
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D g (x,y) = Z g1 (x,y) - Z g2 (x,y) + c 



(Equation 6) 



Similar to Equation 2 each layer of ablation is defined as: 



nA = Z g1 (x,y) -Z g2 (x,y)+c. 



(Equation 7) 



Unlike Equation 2, however, Equation 7 is not an equation for a circle. It 
is an enclosing curve which more closely resembles an ellipse. Equation 
7 defines the ablation layer as an oval layer for the more general case. 
It can become considerably more complex in the case where x and y are 
substituted by expressions in terms of other variables. This occurs, for 
example, when the linear scan is rotated for each layer so that x and y are 
expressed by two other variables of another orthogonal basis coordinate 
system. It is difficult to plot the shape of each layer to be ablated without 
significant computation and time. Even if the shape is determined by 
computation, it is still difficult to control the ablation because of the time 
required for the computations, and because the process is not symmetric 
for either the linear or circular scan, as shown in FIGS. 8A and 8B. It is 
therefore difficult to devise a method to control the ablation. 

If the eye surface is modeled for astigmatic myopia before and after 
surgery as asymmetric parabolic surfaces, the following equations are 
developed: - 
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ZJx,y) = -±_f^ + A+c 2 . 

(Equation 8) 



Therefore, Equations 6 and 7 become: 

2^ fx R 1y J 2\R 2K R 2y J 
(Equation 9) 

and 



2 \R 1X R 1y j 2\R 2x R 2 J 8 lR 1y R 2y ] 

(Equation 10) 

where the R's represent the radii of curvature of the eye, the subscripts 
/ and 2 specify before and after the ablation, respectively, and x, y, and 
z specify the coordinates along the x-axis, y-axis, and z-axis, respectively. 
It is assumed that the radius of curvature before the ablation is smallest 
along the x-axis, and largest along the y-axis. Z y is the ablation zone size 
in the y direction. The model is not radially symmetric, but it is symmetric 
across the axes. 

The preferred model used in the exemplary embodiment of the 
present invention models the eye surfaces before and after surgery as 
toruses, and are represented by the following equations: 



WO 98/18522 PCT/US97/19241 



13 



and 



(Equation 8') 



Z g1 (x,y) ^VR 1x 2 -x 2 + R 1y -R 1x -/+c, 



Z 0 2(x,y) R 2x 2 - x 2 + R 2y - R 2 * j- / + c 2 



Equations 6 and 7 now become: 



and (Equation 9') 



2 

ax/ 



(Equation 10') 



The model used for astigmatic myopia can be readily applied to 
simple myopia. In other words, simple myopia is merely a special case 
of astigmatic myopia, wherein R x =R y , reducing Equations 10 and 10' to 
the equations of circles. Other models such as ellipsoid eye surfaces may 
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be used to model the surface of the eye requiring treatment for astigmatic 
myopia, and the mathematical treatment is similar. 

To correct astigmatic myopia or astigmatic hyperopia, the laser 
ablation of the cornea must make different diopter changes in different 
directions. This way, the patient becomes non-astigmatic, without 
myopia or hyperopia. 

In the case of astigmatic myopia with the x-axis as the steeper axis, 
the ablations, when illustrated on a flat surface, are shown in two steps 
in FIGS. 9 and 10. A first series of circular ablation layers correct for the 
myopia (FIG. 9) or hyperopia and an additional series of cylindrical-shape 
or other ablation layers (FIG. 10) correct the astigmatism. In this 
approach, the total depth of the ablation in the center is the sum of the 
two corrections, and the tissue removed is also the sum of the two 
corrections. Unfortunately, the amount of tissue removed and the amount 
of time of the ablation are large. Clearly, this two step approach for 
correcting astigmatic myopia is not desirable, but until now was a practical 
answer to the problem solved by the present invention. For example, high 
diopter patients require deep ablation. In this instance, this two step 
approach can be severely limited due to the total ablation depth required. 
As a result, the patient may not be treated fully for both the astigmatism 
and the myopia or hyperopia. 

A new. mathematical approach to control the ablation of corneal 
tissue for the correction of both the astigmatism and the myopia and 
hyperopia condition has been known to exist. However, as will be 
shown, this approach continues to require the solving of complicated 
equations, requiring too much time and computational power. 
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To illustrate this mathematical approach, the simple myopia 
case is considered once again. As discussed previously, Equation 2, 
describes a single nih layer ablation which can be reduced to a circle 
equation of the form: 

R 2 - (x 2 + y 2 ) = 0 (Equation 1 1 ) 

where R is the radius. By slightly modifying Equation 1 1, the following 
relationship is determined : 

x 2 + y 2 £ R 2 . (Expression 12) 

Next, it is required under this approach that the laser energy 
distribution satisfy Equation 12 by simply stating that all the laser energy 
has to be on or inside the area defined by the circle. For scanning 
ablation, this means that each scan point (x,y) is checked by using 
Expression 12 during the surgery to verify its inclusion or exclusion as a 
point to be ablated. Using this known technique, all points outside of the 
circle of Equation 12 are excluded as an ablation point, during the 
surgery. 

Expression 12 eliminates the need to solve for complicated 
Equations 7, 10, or 10' such that y is a function of x. Instead, the laser 
power distribution may be represented by 

nA - Z g1 (x,y) + Z g2 (x,y) - c ^ 0 (Expression 1 3) 

or other, similar forms for different eye surface models. This means that 
the laser pulses will be directed only within and on the ellipse-like 
enclosing curve. 
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This newer procedure realizes the different diopter (curvature) 
changes in the x-axis and y-axis to correct for astigmatism and myopia 
or hyperopia together, without requiring the additional cylindrical 
ablation shown in FIG. 10. 

Reduction of the diameter in the x-axis direction at each and every 
layer depth to end up with an oval pattern is shown in FIG. 1 1 . With the 
diameter squeezed in a certain mathematically determined fashion at 
different depths of ablation, the diopter change on the corneal surface will 
be more in the x-axis direction than in the y-axis direction. This process 
corrects astigmatic myopia. 

In review, with the above procedure shown with respect to FIGs. 
8A, 8B, and 1 1, the curvature change will be larger in the x-axis direction 
than in the y-axis direction. The total depth of ablation is the same as that 
of the counterpart ablation for simple myopia correction. The amount of 
tissue removal is less than that of the counterpart ablation for simple 
myopia correction, due to the reduced ablation dimension in the x-axis 
direction. The amount of tissue removal is also far less than that of the 
two-step procedure discussed above and shown in FIGS. 9 and 10. 

The x-axis and y-axis have been arbitrarily chosen in this work. 
Thus, the procedure described here is applicable to symmetric 
astigmatic myopia/hyperopia corrections at any angle. 

In accordance with the invention, it is preferable to use the torus 
model for the eye surface and consider the layered scan; i e., Expressions 
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9', 10' and 13. Expression 13 is used since it is much easier to solve than 
Equation 10'. It is noted that the effective ablation area for each layer 
might be smaller than the enclosed area by the solid curve. For example, 
since only laser pulse center points 34 (FIGS. 8A, 8B) that fall within or 
on the boundary of the curve 36 are used during the conventional 
surgery, corneal material near but outside the curve 36 may not be 
ablated. Depending on the distance d between each ablation point 34, on 
the same line scans the last point ablated may be just less that the 
distance d as shown in FIG. 8A(1). As shown in FIG. 8A(1), although the 
ablation layer boundary curve 36 defines the desired area for ablation, the 
actual ablation layer boundary 36 is somewhat smaller. Thus, the area 
actually ablated 36a is smaller than the entire area enclosed by the curve 
36. The resulting corneal surface alteration may not be as precisely the 
same as predicted by the math model. Thus, with reference to FIG. 15, 
the cornea 12 may be ablated which results in wall surface 30, instead of 
a theoretical wall surface 32. An important aspect of the present 
invention is to provide a controllable apparatus and process to approach 
the theoretical ablation layer curve 36 more closely. 

In accordance with the invention, Expression 13 is modified slightly 
so that the laser center points near but outside the curve 36 are included 
in the scan if they are close enough to the boundary, e.g., within d/2, 
where d is the distance between scan points 34. 

To illustrate this point, consider the linear scan situation (rather 
than the circular scan). If the linear scan is taken along the direction of 
a p-axis (major axis), and a g-axis (minor axis) is orthogonal to the p- 
axis, then the transformations to x-y coordinates are given by: 
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x = x{p,q), y = y{p,q). (Equation 14) 

The exact expressions for x(p,q) and y(p,q) depend on the relative 
positions of the xy and pq coordinate systems. Expression 13 now 
becomes: 

nL + F(p,q) - c< 0 (Expression 1 5) 

where 

F(p,q) = -Z g ,(x(p,<7), y{p,q)) + Z g2 {x{p,q\y{p,q)). 

(Expression 16) 

Expression 1 5 can be substituted by the following four 
expressions: 



nA + F{p + 5,q+ 5) - c < 0 (Expression 15a) 

nA + F{p + 6 t q - 6) - c < 0 (Expression 1 5b) 

nA + F(p - 5 t q + 6) - c < 0 (Expression 1 5) 

nA +F(p - d,q- 6) - c < 0 (Expression 15d) 



If it is required that each laser pulse position satisfy at least one of 
the four Expressions 15a-15d to be included in the scan, then not only 
points inside and on the curve defining the ablation layer, but also points 
that are outside the generally oval-shaped ablation layer by approximately 
a distance 5 are nevertheless included in the predetermined surface layer 
to be ablated. Thus, according to the present invention, the laser beam 
is sometimes focused on points outside the defined ablation layer area. 
This provides an "integration" over the curve 36 to provide a total ablation 
which more closely approaches the theoretically desired resulting corneal 
shape. 
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It has been determined that a reasonably good choice for 5 is half 
the scanning step size d. Therefore, points that are close enough to the 
boundary curve(i.e., within 6 in the p or q directions) are included in the 
ablation, and points that are too far away from the curve (i.e., greater than 
5 in both the p and q directions) are omitted from the ablation. 
Therefore, the effective ablated area is closer to the area enclosed by the 
curve 36. 

FIG. 16 depicts the corneal shape resulting, for ablation of the 
points outside but close to the ablation layer. As shown, since laser pulse 
center points outside the boundary of the curve are included in the 
ablation, wall 30 substantially coincides with theoretical wall 32 and 
results in a smoother, less jagged surface. 

The principles of the present invention can be expanded using 
other techniques. For example, a linear scan with random staring points 
is shown in FIG. 12. Only the points that satisfy any one of the 
Expressions 15a-15d are included in the ablation, as shown in FIG, 12. 
The points outside the ablation layer curve 36 are depicted by dots 34, 
and the points outside but near enough to the ablation layer curve 36 are 
depicted by dots 38 enclosed by circles. Using a random start technique, 
the starting point for each scan line 40 is not regular, thus randomizing 
the scan. It is noted again that the laser pulse points 34 and 38 indicate 
the center of the laser beam and in actual practice the laser pulses have 
a predetermined spot size and overlap. 

Another technique augmenting the application of the present 
invention is the use of a circular scan with a random center point, as 
shown in FIG. 13. The center of the circular scan can be any point other 
than the symmetrical center of the ablation layer, using this technique. 
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The center of each layer to be ablated is placed randomly in the layer to 
minimize the accumulative effect when many layers are ablated. Again, 
points 34 within the ablation layer curve 36 are included in the scan 
together with encircled points 38 which are those points outside but near 
enough to the curve 36. 

Referring to FIG. 14, a refractive laser system 50 provided in 
accordance with the present invention is shown which is capable of 
performing the scan and ablation defined above. The system 50 
comprises a laser 100 having UV (preferably 193-220 nm) or IR (0.7-3.2 
urn) wavelength to generate a beam 1 10. A scanning device 120 capable 
of controllability changing the incident angle of the laser beam 110 
passes the angled beam 1 10 to the focusing optics 140, onto a reflecting 
mirror 150, and onto target 160. The laser beam 1 10 preferably has an 
energy level less than 10 mJ/pulse. The target 160 is the cornea of an 
eye. 

An aiming system 170 has a visible wavelength light beam 
(preferably from a laser diode or He-Ne laser)180 adjusted to be co-linear 
with the ablation laser beam 1 10 to define the normal incident angle. The 
basic laser head 200 is steered by a motorized stage for X and Y 
horizontal directions 210 and the vertical (height) direction 220 which 
assures the focusing beam spot size and concentration of the beam onto 
the cornea. The system 50 has a control panel 230 including a controller 
250 for controlling the laser 100 and for controlling scanning mechanism 
1 20 for controlling the angle of the beam 1 1 0, and for controlling all other 
aspects of system 50. Wheels 240 are provided to make the system 50 
portable. 

The basic laser head 200 and control panel 230 are of the type 
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disclosed in U.S. Patent No. 5,520,679, the content of which is hereby 
incorporated by reference into the present specification. However, in 
accordance with the invention, the controller 250 in the form of a 
microprocessor, digital signal processor, or microcontroller, includes in 
program memory 260 the expressions necessary to control the scanning 
mechanism 120 to ensure that the laser pulse center point positions may 
occur at locations inside, on, and outside of but substantially near the 
boundary of the mathematically defined ablation layer curve 36 (FIGs. 12, 
13). Thus, the memory 260 includes the functions of Expressions 15a- 
15d defined above. The controller 250 also permits the scan to start in a 
random manner (linear scan) using a random center point (circular scan), 
or any other augmenting technique. 

It can be appreciated by employing the apparatus of the invention 
having the inventive models, myopia, hyperopia, astigmatic myopia and 
astigmatic hyperopia conditions may be rectified in a manner that 
corresponds more closely to a mathematically defined curve selected to 
model the surface of the cornea to be ablated. This is possible since 
certain laser center points outside of the curve boundary are selected 
during ablation. 

It has thus been seen that the objects of this invention have been 
fully and effectively accomplished. It will be realized, however, that the 
foregoing preferred embodiments have been shown and described for the 
purposes of illustrating the structural and functional principles of the 
present invention, as well as illustrating the methods of employing the 
preferred embodiments and are subject to change without departing from 
such principles. Therefore, this invention includes all modifications 
encompassed within the spirit of the following claims. 
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What is claimed is: 

1 . A method of ablating a surface area, comprising: 

defining an ablation layer area; 

centering a laser beam at a first plurality of ablation points 
within said ablation layer area; 

causing said laser beam to ablate said surface area 
corresponding to each of said first plurality of ablation points; 

centering said laser beam at a second plurality of ablation 
points outside of said ablation layer area; and 

causing said laser beam to ablate said surface area 
corresponding to each of said second plurality of ablation points. 

2. The method of ablating according to claim 1 , wherein: 

said second plurality of ablation points are each within a 
predetermined distance from a boundary of said ablation layer area. . 

3. The method of ablating according to claim 2, wherein: 

said predetermined distance is approximately V* a distance 
between 

adjacent ones of said first plurality of ablation points within said ablation 
layer area. 

4. The method of ablating according to claim 1 , wherein: 

said surface area is an area of corneal tissue. 

5. Apparatus for scanning an ablating laser beam across an 
ablation layer of a surface, comprising: 

a scanner to move said laser beam in two orthogonal 
directions across said surface area; 
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a processor to determine a first plurality of ablation points 
within said ablation layer, each of said first plurality of ablation points 
being defined by a center of said laser beam; and 

an integrating algorithm in said processor to determine a 
second plurality of ablation points to be ablated by said laser beam, each 
of said second plurality of ablation points being defined by a center of 
said laser beam, and each of said second plurality of ablation points 
being outside of said ablation layer. 

6. The apparatus for scanning said ablating laser beam according 
to claim 5, wherein: 

said integrating algorithm determines said location of said 
second plurality of ablation points outside of said ablation layer based on 
a predetermined distance from said ablation layer. 

7. The apparatus for scanning said ablating laser beam according 
to claim 5, wherein: 

said integrating algorithm determines said location of said 
second plurality of ablation points outside of said ablation layer based on 
a predetermined distance from said ablation layer in either an x or y 
direction. 

8. The apparatus for scanning said ablating laser beam according 
to claim 7, wherein: 

said predetermined distance is approximately Y 2 a distance 
between each of said first plurality of ablation points within said ablation 
layer. 

9. The apparatus for scanning said ablating laser beam according 
to claim 5, wherein: 
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said surface area is an area of corneal tissue. 

10. An apparatus for performing corneal refractive surgery by 
ablating a portion of a corneal surface of an eye, the apparatus 
comprising: 

a pulsed laser for producing a pulsed output beam; 

a scanning mechanism for scanning said pulsed output beam, said 
pulsed output beam being operatively associated with said scanning 
mechanism such that said pulsed output beam may be scanned over a 
predetermined surface of a cornea modeled by a mathematically derived 
ablation layer curve; 
and 

a controller operatively associated with said scanning mechanism 
so as to deliver said pulsed output beam to said predetermined surface 
of said cornea such that a center point of said pulsed output beam may 
be disposed for ablation within said ablation layer curve, on said ablation 
layer curve, and outside of said ablation layer curve. 

11. The apparatus according to claim 10, wherein said controller 
includes: 

a microprocessor; and 
memory; 

said memory containing a representation of an expression: 
nA + F(p,q) - c< 0, where nA is a change in thickness of an nth layer of 
the corneal surface to be ablated, where F(p,q) = -Z g1 {x{p,q) t y{p,q)) 
+ z gz WAQ),y(A9)), where Z g1 and Z g2 define final and initial corneal 
surfaces, respectively, where c is a constant; and 

said scanning mechanism being constructed and arranged to 
perform a scan such that only output beam center points that satisfy said 
expression are selected for ablation. 
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12. The apparatus according to claim 10, wherein said controller 
includes: 

a microprocessor; and 

memory, said memory containing a representation of expressions: 

nA + F(p + d,q+ G)-c<. 0 
nA + F(p + 6,q - 5) - c <, 0 
nA + F(p - 6,q + <5) - c <. 0 
nA + F(p - 6,q - <5) - c <; 0 

where nA is a change in thickness of an /7th layer of said corneal 
surface to be ablated, where F(p,q) = -Z g1 (x(p,q), y(p,q)) + Z g2 
(x(p,q),y(p,q)), where Z g1 andZ g2 define final and initial corneal 
surfaces, respectively, where c is a constant, where p and q represent 
a first coordinate system, x and y represent a second coordinate 
system and J is a constant, and 

wherein said scanning mechanism is constructed and arranged 
to perform a scan such that only output beam center points that satisfy 
at least one of said expressions are selected during ablation. 

13. The apparatus according to claim 12, wherein: 
d is half of a scanning step size. 

14. The apparatus according to claim 10 wherein: 

said pulsed laser is a UV pulsed laser having an energy level 
less than 10 mJ/pulse. 
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15. The apparatus according to claim 14, wherein: 

said pulsed laser has an output wavelength between 1 93 and 
220 nanometers. 

16. The apparatus according to claim 10, wherein: 

said scanning mechanism is constructed and arranged to scan a 
circular pattern of concentric circles with a center of said circles being 
non-co-axial with a symmetrical center of said ablation layer curve. 

17. The apparatus according to claim 10, wherein: 

said scanning mechanism is constructed and arranged to scan a 
linear pattern of parallel lines of ablation points, wherein a starting 
point of each parallel line of ablation points is randomly selected with 
respect to a distance from said ablation layer curve. 

18. A method for controlling an apparatus for performing 
corneal refractive surgery by ablating a portion of a corneal surface of 
an eye, the apparatus comprising a pulsed laser for producing a 
pulsed output beam of light; a scanning mechanism for scanning said 
output beam, said output beam being operatively associated with said 
scanning mechanism such that said output beam may be scanned over 
a predetermined surface of a cornea; focusing structure constructed 
and arranged to focus said output beam onto the predetermined 
surface to a generally fixed spot size; and a controller operatively 
associated with the scanning mechanism; the method comprising: 
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modeling said predetermined surface in the form of a 
mathematically defined curve; 

controlling said scanning mechanism during a scan with said 
controller so as to deliver output beams to said predetermined surface 
such that center points of said output beams may be disposed within a 
boundary defined by said curve, on said boundary of said curve, and at 
certain locations outside of said boundary of said curve for ablating 
said predetermined surface substantially corresponding to an area 
enclosed by said curve. 

19. The method according to claim 18, wherein said scanning 
mechanism is controlled such that only output beam center points that 
are outside of said boundary of said curve that are a predetermined 
distance from said boundary are selected during ablation. 

20. The method according to claim 19, wherein said curve is 
modeled in the form of a generally oval shape. 

21. The method according to claim 18, wherein said scanning 
mechanism is controlled by an expression: nA + F(p } q) - c< 0, where 
nA is a change in thickness of an nth layer of the corneal surface to be 
ablated, where F(p,q) = -Z g1 (x(p,q) t y(p,g))+ Z g2 (x(p,q) t y{p M q)) t where 
Z g1 and Z g2 define final and initial corneal surfaces, respectively, and 
where c is a constant, and 

wherein the scanning mechanism performs a scan along a p- 
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axis of said curve and a qr-axis that is orthogonal to the p-axis, and 
wherein x and y represent x and y axis, respectively, such that only 
output beam center points that satisfy said expression are selected 
during ablation. 

22. The method according to claim 18, wherein said scanning 
mechanism 

is controlled by expressions: 

nA + F(p + 5 t q + 8) - c z 0 

nA + F(p+ d,q- d)-c z 0 

nA + F(p- 5,q+ 5) - c <; 0 

nA + F(p- <5<7- 5) -c < 0 
where nA is a change in thickness of an nth layer of the corneal 
surface to be ablated, where F(p,q) = -Z g1 (x(p,q), y(p,q)) + Z g2 
(x(p,9),y(p,g)) t where Z g1 and Z g2 define final and initial corneal 
surfaces, respectively, and where c is a constant, and 

wherein the scanning mechanism performs a scan along a p- 
axis and a q-axis that is orthogonal to the p-axis of said curve and 
wherein x and y represent the x and y axis, respectively, and wherein 5 
is a constant, such that only output beam center points that satisfy at 
least one of said expressions are included in ablation. 

23. The method according to claim 18, wherein said scanning 
mechanism scans a circular pattern of concentric output beam spots, 
wherein a center of said circular pattern is placed randomly on said 
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predetermined surface. 

24. The method according to claim 18, wherein said scanning 
mechanism scans a linear pattern of output beam spots, wherein a 
starting point of each line of said liner pattern is randomly selected. 
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